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Performance  of  Type-ll  Quantum  Well  Lasers 

Final  Progress  Report 

09/01/2003  -04/31/07 

Gregory  Belenky,  Mikhail  Kisin,  and  Sergey  Suchalkin 

Abstract 

The  method  of  analyzing  the  temperature  performance  of  type-II  Interband  Cascade  (IC) 
GaSb-based  semiconductor  lasers  has  been  developed.  The  method  includes  comparing  the 
temperature-concentration  dependence  at  the  laser  threshold  with  steady-state  carrier  heating 
characteristics.  The  number  of  cascades  in  prototype  type-II  IC  lasers  has  been  optimized  with 
respect  to  the  highest  achievable  operating  temperature. 

An  ultra- sensitive  single-pass  measurement  technique  was  developed  to  study  optical 
absorption  in  thin-layered  laser  heterostructures.  The  presence  of  strong  non-radiative 
recombination  in  type-II  laser  structures  was  demonstrated  by  our  measurement  technique.  We 
show  that  thermally  induced  hole  escape  from  the  active  quantum  wells  is  responsible  for 
deterioration  of  the  optical  emission  both  in  type-I  and  type-II  laser  structures  at  elevated 
temperatures.  New  method  of  laser  temperature  characterization  has  been  developed  and  tested 
on  high-power  diode  arrays,  which  are  especially  vulnerable  to  heat  generation  and  kinetics. 

The  study  of  type-II  IC  laser  structures  resulted  in  a  proposal  of  a  novel  electrically  tunable 
mid-IR  light  source.  We  have  designed  and  experimentally  demonstrated  a  working  prototype 
of  multimode  electrically  tunable  IC  laser  operating  in  mid-infrared  spectral  region.  The  device 
demonstrates  ultra- wide  wavelength  tuning  in  the  range  of  up  to  120  nm. 

Statement  of  the  problem  studied 

Mid-infrared  (MIR)  spectral  range  from  3  to  5  pm  corresponding  to  atmospheric 
transparency  window  is  of  special  importance  for  military  application  such  as  infrared 
countermeasures.  Antimonide-based  type-II  quantum  well  (QW)  lasers  have  shown  great 
promise  for  development  of  highly  efficient  high-temperature  operating  high-power 
semiconductor  optical  sources  in  this  spectral  range.  To  take  full  advantage  of  the  unique 
opportunities  offered  by  type-II  GaSb-based  structures  more  detailed  infonnation  about  the 
optical  properties,  carrier  dynamics  and  recombination  mechanisms  in  type-II  lasers  is 
required.  The  sources  of  temperature  sensitivity  of  type-II  GaSb-based  MIR  lasers,  which  are 
manifested  by  low  T0  values  and  rapidly  decreasing  power  slope  efficiency  with  temperature, 
are  to  be  understood.  Identification  and  suppression  of  the  mechanisms  of  thermal  sensitivity 
and  optical  loss  in  electrically  pumped  cascade  lasers  and/or  optically  pumped  quantum  well 
lasers  is  vital  for  future  device  development  in  3  to  5  pm  wavelength  range.  We  plan  to 
perform  experimental  and  theoretical  study  of  the  temperature  performance  of  type-II 
Interband  Cascade  (IC)  GaSb-based  semiconductor  lasers  which  are  most  promising  light 
source  in  3  to  5  pm  wavelength  range  and  to  fulfill  their  potentials  as  efficient  CW  room- 
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temperature  operating  mid-infrared  optoelectronic  devices.  We  plan  also  to  investigate  the  new 
applications  of  these  devices  in  MIR  wavelength  range. 

The  major  technical  objectives  of  the  proposed  work  are: 

•  To  identify  the  nature  of  threshold  temperature  sensitivity  in  type-II  interband  cascade  MIR 
lasers. 

•  To  carry  out  detailed  theoretical  and  experimental  study  of  the  temperature  dependence  of 
type-II  laser  characteristics,  such  as  optical  and  internal  losses,  net  modal  and  differential 
gain,  threshold  current,  injection  and  internal  efficiency. 

•  To  determine  the  way  to  improve  the  efficiency  of  type-II  MIR  IC  laser  structures.  Based 
on  the  experimental  and  theoretical  results  of  the  proposed  program,  improved  design  of 
the  laser  active  region  will  increase  the  high-temperature  limit  of  operation  of  existing 
type-II  lasers  and  bring  it  up  to  the  range  of  electrical  cooling  reach  (250-300K). 

•  To  find  new  applications  for  the  type-II  IC  lasers  in  MIR  wavelength  range. 

Summary  of  project  results 

1.  We  have  developed  a  theoretical  model  and  analyzed  the  temperature  performance  of 
type-II  Interband  Cascade  (IC)  GaSb-based  semiconductor  lasers  by  comparing  the 
temperature-concentration  dependence  at  the  laser  threshold  with  steady-state  carrier  heating 
characteristics.  We  have  shown  that  the  number  of  cascades  for  type-II  IC  lasers  can  be 
optimized  with  respect  to  the  highest  achievable  operating  temperature.  The  low  material  gain 
characteristic  of  type-II  heterostructures  and  the  high  resistance  of  the  thennal  link  to  the  heat 
sink  are  primarily  responsible  for  limiting  the  continuous-wave  (CW)  operation  to  low 
temperatures.  These  theoretical  conclusions  are  in  excellent  agreement  with  our  experimental 
results  obtained  for  3.7  pm  type-II  IC  lasers.  For  details  see  Ref.  [1]  (reprint  submitted)  and 
Interim  Progress  Report  [1]. 

2.  We  have  experimentally  investigated  the  sources  of  temperature  sensitivity  of  the 
threshold  current  in  type-II  mid-IR  GaSb-based  semiconductor  lasers.  To  study  the  optical 
absorption  in  thin  layered  laser  heterostructures,  we  have  developed  and  utilized  a  special 
ultra-sensitive  single-pass  measurement  technique  which  allows  absorption  measurements  even 
in  single-quantum-well  laser  heterostructures.  The  interband  optical  absorption  measurements 
provide  direct  information  about  the  optical  matrix  elements  in  laser  structures.  We  have 
shown  that  the  difference  in  the  optical  matrix  elements  in  type-I  and  type-II  "W" -designed 
laser  heterostructures  is  not  responsible  for  strong  temperature  sensitivity  of  type-II  laser 
threshold.  We  demonstrate  that  thermally  induced  hole  escape  from  the  active  quantum  wells  is 
the  most  important  process  which  strongly  deteriorates  the  optical  emission  in  both  type 
heterostructures.  Our  experiments  show  that  the  temperature  decay  of  PL  is  noticeably  stronger 
for  type-II  samples,  which  indicates  the  presence  of  strong  non-radiative  recombination  in 
these  structures  at  elevated  temperatures.  For  details  see  Ref.  [2]  (reprint  submitted)  and 
Interim  Progress  Report  [2], 

3.  We  also  have  studied,  both  experimentally  and  theoretically,  the  temperature  kinetics  in 
the  mid-IR  laser  arrays.  Original  experimental  and  theoretical  approaches  to  laser  temperature 
characterization  have  been  developed  and  tested  on  high-power  diode  arrays,  which  are 
especially  vulnerable  to  heat  generation  and  kinetics.  The  temperature  kinetics  in  the  laser 
active  region  was  obtained  by  measuring  the  temporal  evolution  of  the  laser  spectrum  during  a 
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single  current  pulse.  We  showed  that  the  transient  heating  process  can  be  divided  into  three 
time  periods  with  each  period  determined  by  its  own  heat  transport  condition.  During  the  first 
period,  the  bar  structure  is  heated  and  the  heat  fluxes  from  individual  stripes  of  the  laser  bar 
overlap,  producing  the  nearly  uniform  heat  flux.  The  duration  of  this  period  is  determined  by 
the  geometry  of  the  laser  bar  and  its  thermal  diffusivity.  We  demonstrated  that  in  this  initial 
period  of  time  evolution,  the  heat  propagates  within  the  laser  bar  structure,  and  the  fill  factor  of 
the  array  strongly  affects  the  active-region  temperature  rise.  For  details  see  Ref.  [3,4]  (reprints 
submitted)  and  Interim  Progress  Report  [3]. 

4.  Our  study  of  type-II  IC  semiconductor  heterostructures  resulted  in  proposal  of  a  novel 
electrically  tunable  mid-IR  light  source.  The  active  area  of  the  new  device  consists  of  several 
cascades  with  optically  active  type-II  semiconductor  quantum  wells.  Tunable  electric  field 
across  the  active  layers  of  each  cascade  is  created  by  the  process  of  electron  and  hole 
accumulation  in  accumulating  (reservoir)  quantum  wells  separated  from  the  optically  active 
layers  by  specially  designed  tunnel  barriers.  The  energy  separation  between  electron  and  hole 
levels  in  active  layers  and,  hence,  the  device  emission  wavelength  can  be  tuned  by  changing 
the  bias  current  through  the  structure.  Our  proposal  combines  the  advantage  of  strong 
wavelength  tuning  due  to  the  linear  Stark  effect  with  the  presence  of  separate  charge 
accumulation  layers,  which  enable  the  wavelength  tuning  without  substantial  change  of  the 
optical  loss.  Our  experimental  results  justify  the  potentials  of  the  proposed  design.  In  IC 
structures  grown  by  MBE  and  processed  in  deep  etched  stripes  we  have  observed  a  blue  shift 
of  the  electroluminescence  (EL)  line  in  full  agreement  with  that  expected  from  the  linear  Stark 
effect.  At  higher  bias  currents  the  laser  generation  was  observed.  At  T=80K  the  EL  wavelength 
shifts  from  2.79  pm  to  2.38  pm  (total  tuning  about  80  meV)  as  the  bias  current  increases  from 
97  mA  to  418  inA,  which  provides  the  record  combination  of  the  wide  tuning  range  and  low 
relative  change  of  the  bias  current.  Starting  from  these  results,  we  have  designed  and 
experimentally  demonstrated  a  working  prototype  of  multimode  electrically  tunable  IC  laser 
operating  in  mid-infrared  spectral  range.  Our  device  demonstrates  ultra-wide  wavelength 
tuning  in  the  range  of  up  to  120  nm.  For  details  see  Ref.  [5]  (reprint  submitted)  and  Interim 
Progress  Report  [4]. 
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1  .c.  If  "same"  as  Item  2.c.,  so  state. 

1. d.  Self-explanatory. 

2.  a.  If  "same"  as  Item  I.a.,  so  state. 

2.b.  Self-explanatory. 

2.c.  Procurement  Instrument  Identification  (Pll)  number  of  contract  (DFARS 
204.7003). 

2.d.  through  5.e.  Self-explanatory. 


5.f.  The  name  and  address  of  the  employer  of  each  inventor  not  employed  by 
the  contractor  or  subcontractor  is  needed  because  the  Government's  rights  in  a 
reported  invention  may  not  be  determined  solely  by  the  terms  of  the  "Patent 
Rights"  clause  in  the  contract. 

Example  1:  If  an  invention  is  made  by  a  Government  employee  assigned  to 
work  with  a  contractor,  the  Government  rights  in  such  an  invention  will  be 
determined  under  Executive  Order  10096. 

Example  2:  If  an  invention  is  made  under  a  contract  by  joint  inventors  and 
one  of  the  inventors  is  a  Government  employee,  the  Government's  rights  in  such 
an  inventor's  interest  in  the  invention  will  also  be  determined  under  Executive 
Order  10096,  except  where  the  contractor  is  a  small  business  or  nonprofit 
organization,  in  which  case  the  provisions  of  35  U.S.C.  202(e)  will  apply. 

5.g.(1)  Self-explanatory. 

5. g.(2)  Self-explanatory  with  the  exception  that  the  contractor  or  subcontractor 
shall  indicate,  if  known  at  the  time  of  this  report,  whether  applications  will  be 
filed  under  either  the  Patent  Cooperation  Treaty  (POT)  or  the  European  Patent 
Convention  (EPC).  If  such  is  known,  the  letters  POT  or  EPC  shall  be  entered 
after  each  listed  country. 

6.  a.  Self-explanatory. 

6.b.  Self-explanatory. 

6.c.  Self-explanatory. 

6.d.  Patent  Rights  Clauses  are  located  in  FAR  52.227. 

6.e.  Self-explanatory. 

6. f.  Self-explanatory. 

7.  Certification  not  required  by  small  business  firms  and  domestic  nonprofit 
organizations. 

7. a.  through  7.d.  Self-explanatory. 
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